1. Rat liver mitochondria were separated into heavy, light and fluffy fractions by differential centriftigation under standard conditions. 2. All mitochondrial fractions possessed soluble as well as membrane-bound enzymes typical of mitochondria. 3. The heavy fraction represented the stable mitochondrial structures and the fluffy particles appear to be loosely coupled. 4. The light mitochondrial fraction lacked the ability of coupled phosphorylation. 5. A study of mobility and isoelectric pH indicated a similarity in the basic membrane structure of all the mitochondrial fractions. 6. The turnover rates of proteins in the heavy and fluffy particles were almost identical; however, this rate was rapid for the light mitochondrial fraction. 7. On treatment with 3,3',5-tri-iodo-L-thyronine, succinoxidase activity was maximally stimulated much earlier in the light mitochondrial fraction than in the heavy fraction. The activity of the fluffy particles, however, remained almost unaffected. 8. Malate dehydrogenase activity in all the mitochondrial fractions was stimulated onlyat 40h after tri-iodothyronine treatment. 9. The pattern of incorporation of DL-[1_-4C]leucine in vivo in the tri-iodothyronine-treated animals indicated a rapid initial incorporation and high synthetic ability of the light mitochondrial fraction. 10. The turnover pattern of proteins of the mitochondrial fractions from animals receiving repeated doses oftri-iodothyronine was remarkably different from the normal pattern and suggested that preformed soluble protein units may be incorporated in the light mitochondrial fraction during maturation to form the stable heavy mitochondria. 11. The amount of light-mitochondrial proteins decreased by 40% on thyroidectomy and increased by 160% on treatment with tri-iodothyronine. 12. The possible significance of these results is discussed in relation to mitochondrial genesis.
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Mitochondrial heterogeneity with respect to sedimentation characteristics, chemical make-up and enzymic activities has long been a matter of considerable discussion. Kuff & Schneider (1954) showed some degree of mitochondrial heterogeneity with respect to succinate dehydrogenase. Similarly Frisell, Patwardhan & Mackenzie (1965) isolated heavy and light fractions of mitochondria and showed that the heavy fraction had twice as much sarcosine dehydrogenase activity as the light fraction, although no differences could be found in four other enzymes studied. Gear (1965a,b) , working with regenerating rat liver, separated mitochondria into heavy, light and fluffy fractions and concluded from his studies that the light fraction may have a precursor role whereas the fluffy particles may represent a mixture of regenerating and degenerating mitochondria with microsomes. Heterogeneity has also been observed in yeast mitochondria (Matile & Bahr, 1968) . On the other hand, de Duve and co-workers strongly favour the view that the mitochondrial population is not heterogeneous and ascribe the observed differences to abnormalities caused by sucrose concentration and contamination of mitochondria by other cell organelles or fragmentation during cell homogenization (Beaufay et al. 1964; de Duve, 1967) .
Since mitochondria have a fairly short half-life of about 8.5 days (Fletcher & Sanadi, 1961; Beattie, Basford & Koritz, 1967) , the mitochondrial population may be expected to vary with respect to age and chemical make-up, which would be reflected in enzymic activities. The findings of Gear (1965a,b) are consistent with this view but are not yet fully substantiated.
Our interest in mitochondrial heterogeneity arose from the fact that the mitochondrial population obtained by differential centrifugation and consisting of heavy, light and fluffy fractions exhibits differences in respect of their stability and certain membrane-bound enzyme activities in a stress condition caused by administration of carbon tetrachloride (Fatterpaker, Bhuvaneswaran, Patwardhan & Sreenivasan, 1965) .
In the present studies, an attempt has been made to distinguish and differentiate the heavy, light and fluffy mitochondrial fractions with respect to membrane-bound and soluble enzymes, capacity to carry out oxidative phosphorylation, stimulation of ATPase* by Mg2+ and 2,4-dinitrophenol and electrophoretic mobility. An attempt has also been made to study the turnover rates of these organelles with a view to determining their half-lives.
Since the thyroid hormones, thyroxine and 3,3',5-tri-iodo-L-thyronine, have been shown to have a pronounced effect in regulating the metabolism of mitochondria and could cause selective synthesis of respiratory units in mitochondria (Freeman, Roodyn & Tata, 1963; Gustafsson, Tata, Lindberg & Ernster, 1965; Roodyn, Freeman & Tata, 1965; Tata et al. 1963) , treatment of thyroidectomized animals with tri-iodothyronine has been used to magnify the differential behaviour of the mitochondrial fractions and to illustrate, from studies on protein synthesis and turnover rates, the relationship in these particles. A gift of 3,3',5-tri-iodo-L-thyronine from Glaxo Laboratories Ltd., Greenford, Middx, U.K., is gratefully acknowledged.
MATERIALS AND METHODS

Chemical&
Animals and treatment with tri-iodothyronine. In studies with mitochondrial fractions of normal rat liver, albino rats of Wistar strain (150-170g, male or female) were used. In studies involving use of tri-iodothyronine, thyroidectomy was carried out on weanling rats weighing about 50-60g (20-22 days old) by surgery. The animals were allowed to grow for 8-10 weeks and then used for the subsequent studies.
The animals were weighed and basal metabolic rates were determined periodically as described by Maclagan & Sheahan (1950) . Rats (35-40%) were only used for tri-iodothyronine administration and further studies. Basal metabolic rates ofanimals receiving tri-iodothyronine were determined within 1 h before they were killed. Tri-iodothyronine was dissolved in 0.9% NaCl adjusted to pH8.5 with KOH solution and was injected subcutaneously. Both acute and chronic treatments were used. In acute treatment the animals received 20,ug of tri-iodothyronine/100g body wt. and during chronic treatment the animals received 20,ug of triiodothyronine/lOOg body wt. on the first day and then 15, 10, 10 and 10,ug of tri-iodothyronine/lOOg body wt. on subsequent alternate days. Such repeated doses of tri-iodothyronine were not toxic to the animals and sustained the stimulation of protein synthesis during the experimental period .
During the study of enzyme profiles with respect to tri-iodothyronine treatment, the animals received a single dose of tri-iodothyronine as described above and were killed at intervals of 3, 10, 18, 24, 40, 48, 65 and nuclear sediment or during washing. Since it was difficult to isolate the fluffy particles from the heavy fraction quantitatively, these two fractions were pooled in this study.
The protein values were corrected for microsomal contamination. The values are expressed as percentages of the control. A88ay of enzyme activity. Succinoxidase activity in the mitochondrial fractions was assayed by the procedure described by Potter (1959) and malate dehydrogenase activity was measured by the method of Ochoa (1955) . NADH-cytochrome c reductase activity was measured by the procedure of Corwin & Schwarz (1959) , D-&-hydroxybutyrate dehydrogenase by the method of Lehninger, Sudduth & Wise (1960) and glucose 6-phosphatase by the method of Recknagel & Lombardi (1961) . ADP/O ratio and respiratory control index were determined in a Gilson model KM Oxygraph (Gilson Medical Electronics, Middleton, Wis., U.S.A.) by the method described by Chance & Williams (1955 , 1956 ). Stimulation of ATPase in the presence and absence of Mg2+ and/or 2,4-dinitrophenol was measured by the method of Veldsema-Currie & Slater (1968) .
The Pi liberated in the assay of glucose 6-phosphatase and ATPase was determined by the method of Fiske & Subbarow (1925) .
Electrophoretic mobility of mitochondrial fraction8.
Mobilities of mitochondria in 0.25 M-sucrose were studied in a cell-electrophoresis apparatus as described by Bangham, Flemans, Heard & Seaman (1958) . The time taken to traverse a certain number of squares of the graticule in the eye-piece was observed by using a stopwatch measuring down to lOms. The process was repeated for the same particle by reversing the direction of applied electric field. Transit time for 15-20 mitochondrial particles were recorded for each independent experiment. The dependence of mobility on pH was studied in the veronal-sodium acetate-HCl buffer of Michaelis (1931) except that KCI was replaced by 0.25M-sucrose. The pH-mobility curves were plotted as described by Boulter, Douglas & Layeock (1965 Mitochondrial fractions were washed four times to remove the extraneous radioactivity.
A88ay of radioactivity. Radioactivity was counted in a liquid-scintillation spectrometer by the method of Mans & Novelli (1961) asmodified by Roodyn et al. (1965) . Of the mitochondrial suspension, 0.2 ml was spotted on Whatman no. 3MM filter-paper strips (7cm x 1.8 cm).
After spots of the mitochondrial suspension had been applied, the strips were dried with a current of air, further processed by the method of Roodyn et al. (1965) and their radioactivities counted in a Packard model 314 EX liquidscintillation spectrometer with 0.4% 2,5,bis-(5-tert.-butylbenzoxazol-2-yl)thiophen in toluene as a scintillator. The counting efficiency as judged by counting the radioactivity of the standard was 68%. The orientation of the paper strips in the bottle appeared to have no effect on counting efficiency.
Protein was determined by the method of Lowry, Rosebrough, Farr & Randall (1951) , with crystalline bovine serum albumin as standard.
RESULTS
Contamination of mitochondria with microsomes
The mitochondrial fractions were found to be contaminated by microsomes to various degrees. Correction for microsomal contamination was therefore applied by determining glucose 6-phosphatase, a typical microsomal enzyme, as a marker (Table 1) .
Properties of mitochondrial fractions obtained from normal rat liver Respiratory enzymes of mitochondrial fractionm. The succinoxidase activity is somewhat less in the light mitochondrial fraction and is higher in fluffy particles than in the heavy mitochondrial fraction ( Table 2) . Addition of cytochrome c resulted in stimulation of the activity in all the fractions, the . (Table 2 ).
For malate dehydrogenase the specific activities of heavy and light particles were almost the same and that of the fluffy particles was somewhat higher (Table 2) .
D-fl-Hydroxybutyrate dehydrogenase is a membrane-bound enzyme and its activity can be fully evoked only after sonication (Lehninger et al. 1960 ). Table 2 shows that unsonicated heavy mitochondria had minimum activity, whereas the light and fluffy fractions had higher activity before sonication. On sonication, the specific activities of heavy and fluffy particles were almost the same, whereas that of the light particles was less. ADP/O ratio of mitochondrial fraction8. Table 3 shows, the decrease in respiratory control index is mainly due to increased rate of oxidation in the absence of ADP. With light particles no ADP/O ratio could be obtained with any of the substrates used, and addition of ADP resulted in a continuous increased rate of oxidation.
Mg2+-activated and 2,4-dinitrophenol-8timulated ATPa8e of mitochondrial fraction8. The 2,4-dinitrophenol-stimulated/Mg2+-activated ATPase ratio was taken as an index of the structural integrity of mitochondria (Kielley & Kielley, 1951) . Table 4 shows that heavy mitochondria have very low ATPase activity in the absence ofMg2+, whereas in the presence of 2,4-dinitrophenol alone the activity increases about 26-fold. The ADP/0 ratio and respiratory control index (RCI) were determined as described by Chance & Williams (1955 , 1956 Time (days) Fig. 2 . Radioactivity in the mitochondrial proteins determined by the method described in the Materials and Methods section. The specific radioactivity is plotted against time to represent the turnover curves of: *, heavy fraction; o, light fraction; x, fluffy fraction. activity remains as a plateau up to 40h, decreases to some extent at 65h and remains steady at this value up to 90h.
Stimulation of homogenate succinoxidase by cytochrome c. The stimulatory effect of cytochrome c on the succinoxidase system (Potter, 1959) was studied with liver homogenate in order to avoid the losses of indigenous cytochrome c (Jacobs & Sanadi, 1960) . The results are summarized in Table 7 . Addition of cytochrome c results in 27 and 28% stimulation in unoperated and tri-iodothyroninetreated animals respectively. However, maximum stimulation (72%) is discernible in the liver homogenate from thyroidectomized rats, this being known to be deficient in respiratory units ). These observations are significant since a single component of the respiratory chain could influence the succinoxidase activity of mitochondria and would mean that cytochrome c plays a ratelimiting role.
Malate dehydrogena8e activity of the mitochondrial fraction. The activity pattern of malate dehydrogenase (Fig. 4) differs from that of succinoxidase. No stimulatory effect is observed in the specific activity of any of the mitochondrial fractions up to 40h or so after tri-iodothyronine administration. However, at the end of this period the activity in all the fractions increased simultaneously and continued to do so thereafter up to 90h, when it reached a maximum in all the fractions (5-6-fold increase). Table 8 . Since stimulation of protein synthesis starts at about 30h, reaches maximum at 45h and decreases thereafter by 70h after treatment with tri-iodothyronine (Roodyn et al. 1965) , the incorporation of injected DL-[1-14C]leucine was studied at these periods after tri-iodothyronine administration. The incorporation in the heavy and fluffy fractions reaches a maximum at 45h and decreases thereafter. The extent of incorporation at 45h is somewhat higher in the fluffy particles. With the light mitochondrial 116 1970 Sreenivasan, unpublished work). The fractions obtained by differential centrifugation thus appear to be discrete entities and not artifacts of preparation. Density-gradient analysis was not attempted for further purification, since there appears to be very little difference between the densities of heavy and light fractions (Gear, 1965a,b) . However, it is recognized that further work, including electronmicroscopic examination, is necessary for more precise characterization of these fractions.
The results of the present studies suggest that the heavy mitochondrial fraction represents wellformed structures. These particles possess all typical mitochondrial enzymes and appear to be structurally intact as judged by the D-.f-hydroxybutyrate dehydrogenase activity, study of ADP/O ratio, respiratory control index and ATPase activated and stimulated by Mg2+ and 2,4-dinitrophenol respectively.
The fluffy particles judged by the above parameters appear to be structurally less intact. Besides, these particles also possess a high succinoxidase activity, probably due to the high succinate dehydrogenase activity associated with this fraction (Kuff & Schneider, 1954) , the latter being a ratelimiting factor in the succinoxidase system (Thorn, 1962) . It has been suggested that the fluffy layer may be a mixture of mitochondria and microsomes (Siekevitz, 1952; Novikoff, Podber, Ryan & Noe, 1953) , a view also favoured by Getz, Bartley, Stirpe, Notton & Renshaw (1962) Vol. 118 117 Table 7 . Effect of cytochrome c on succinoxidase activity of liver homogenate
The animals received a single injection oftri-iodothyronine (20 ,ug/100g body wt.) as described in the Materials and Methods section. The suceinoxidase activity was determined manometrically as described in the enzyme profiles of this fraction, obtained under controlled homogenization and isolation procedure and after correction for microsomal contamination, indicate that this mitochondrial fraction parallels the heavy mitochondria in almost all respects and probably represents the population containing damaged mitochondria. The light mitochondrial fraction is contaminated with microsomes to the extent of about 30%.
However, correction for this in terms of the marker enzyme, glucose 6-phosphatase, may be reasonably expected not to influence its distinctive properties. Such corrections have been applied by several workers (Beattie, 1968b; Volfin, Kaplay & Sanadi, 1969) . The light mitochondrial fraction also possesses all the characteristic mitochondrial enzymes, but is unable to carry out coupled oxidative phosphorylation and possesses a 2,4-dinitrophenolinsensitive ATPase, similar to that of the microsomes (Table 4 ). In view of the role of ATPase as a coupling factor (Pullman, Penefsky, Datta & Racker, 1960) , the inability of these particles to carry out coupled oxidative phosphorylation may be due to non-participation of ATPase as a coupling factor or lack of other coupling factor(s). However, this possibility has not been fully examined in the present studies.
The study of mobility and isoelectric pH indicates that the basic membrane structure contributing to the charge on mitochondria may be similar to all the fractions studied.
The study of turnover rates indicates that the heavy, fluffy and light particles have half-lives of 5.88, 6.21 and 2.15 days respectively. The first two fractions have almost the same half-lives, although this value is somewhat lower than the one reported by earlier workers (Fletcher & Sanadi, 1961; Beattie et al. 1967) . Since the turnover studies in the present investigation were carried out for a comparatively shorter period up to 10 days after injection of DL-[1-14C]leucine, the observed low values may be due to a time-effect. However, the fact remains that the light mitochondrial fraction has a comparatively very fast turnover and shorter halflife, that is also distinctly different from and not in between those of heavy mitochondria (5.88 days) and microsomes (4.8 days; S. S. Katyare, P. Fatterpaker & A. Sreenivasan, unpublished work).
Effect of tri-iodothyronine administration on the behaviour of mitochondrialfraction8. The differential behaviour of the three mitochondrial fractions has been further magnified by the treatment of thyroidectomized animals with tri-iodothyronine, a condition favouring mitochondrial protein synthesis. As is evident from the results in Tables 8  and 9 and Figs. 3 and 5, the three mitochondrial fractions behave quite differently as a response to tri-iodothyronine. Of note is the fact that it is the light fraction that is affected maximally on thyroidectomy and subsequent treatment with triiodothyronine. Thus succinoxidase activity in this fraction is maximally affected by thyroidectomy 1970 118 (see Table 2 and Fig. 3 for comparison) and is stimulated as early as 3h after tri-iodothyronine treatment. In view of the stimulatory effect of cytochrome c on the succinoxidase system (Table 7) , the early stimulation of succinoxidase activity of this fraction would mean that the essential respiratory units may be added much earlier to this fraction as compared with the other two fractions. Such transfer of cytochrome c to mitochondria from an extramitochondrial site of synthesis has been demonstrated byseveralworkers (Gonzalez-Cadavid & Campbell, 1967; Kadenbach, 1967b; Freeman, Haldar & Work, 1967 Beattie (1968a) from studies in vitro on leucine incorporation into the mitochondrial proteins of rat liver slices. She has observed that the specific radioactivity of water-soluble proteins containing, among other things, malate dehydrogenase and glutamate dehydrogenase increased by the largest percentage during the first 30min afterthe 'chase addition, and there was a linear increase in the specific radioactivity of the potassium chloridesoluble fraction containing cytochrome c for 90min after the 'chase' addition. Our results, however, are contrary to these observations in that the stimulation of succinoxidase activity precedes that of malate dehydrogenase. This may perhaps be ascribed to differences in experimental conditions and also to the influence of thyroid hormone. In view of the increased ability of the light fraction to oxidize substrates on treatment with tri-iodothyronine (Fig. 3) , its ability to carry out oxidative phosphorylation with succinate as the substrate was tested polarographically as well as manometrically in separate experiments. These experiments have indicated that, even under the condition that enhances the rate of oxidation, the capacity for oxidative phosphorylation is not conferred on these particles (S. S. Katyare, P. Fatterpaker & A. Sreenivasan, unpublished work).
The pattern of incorporation of labelled leucine into the mitochondrial fractions (Table 8) indicates similarity in the behaviour of the heavy and fluffy fractions. Onthe otherhand, the light mitochondria fraction shows considerably higher incorporation at 30h, when the extent of incorporation in the other two fractions is much less. These results therefore suggest an initial rapid rate of synthesis and higher synthetic ability in this fraction.
The turnover profiles of mitochondrial proteins in animals receiving repeated doses of tri-iodothyronine (Fig. 5) are remarkably different from those observed with the mitochondrial fractions from normal rat liver (Fig. 2) , and do not follow firstorder kinetics. The specific radioactivity of the Vol. 118 119 I label, instead of decreasing with time, increases on the sixth day, especially in the light fraction and to a smaller extent in the fluffy fraction (Fig. 5) . This increased specific radioactivity could arise either through increased protein synthesis or by accretion of preformed labelled proteins. The first possibility, however, seems unlikely in view of the fact that most of the leucine is incorporated within 2-3h after injection. Although label could also arise out of degradation of labelled subcellular proteins, the amounts of light and fluffy mitochondria being a fraction of the total cellular proteins, the possibility of reutilization of the label by these particles would be comparatively less. Incorporation ofpreformed protein units therefore seems most likely. Transfer of soluble proteins from an extramitochondrial site as demonstrated by several workers (Gonzalez-Cadavid & Campbell, 1967; Kadenbach, 1967a,b; Freeman et al. 1967; Beattie, Basford & Koritz, 1966) favours such an assumption. The decrease in the content oflight-mitochondrial proteins on thyroidectomy and an increase on the second day after tri-iodothyronine treatment is significant and is consistent with the high synthetic ability (Table 8) , rapid turnover (Figs. 2 and 5) and short half-life of about 2.15 days (Table 6 ) of these mitochondria.
Mitochondrial heterogeneity in relation to mitochondrial gene8i. It is now generally accepted that the mitochondrial proteins are synthesized under the dual control of mitochondrial DNA and nuclear DNA (Work, Coote & Ashwell, 1968; Roodyn & Wilkie, 1968) . Beattie (1968a) has suggested that biosynthesis of mitochondria in vivo appears to require initial synthesis of the outer membrane and the insoluble proteins of the inner membrane before the incorporation of soluble matrix proteins. In the present studies we have shown the transfer of preformed soluble protein units to the lightmitochondrial fraction, as well as a rapid turnover and high synthetic ability of this fraction. Whether the light-mitochondrial fraction represents the precursors for mitochondrial genesis in vivo as suggested by Beattie (1968a) , or whether they represent the counterparts of the promitochondria of anaerobically grown yeast (Criddle & Schatz, 1969; Paltauf & Schatz, 1969; Plattner & Schatz, 1969) , will be borne out only by more direct experiments. However, the present results suggest that the light-mitochondrial fraction probably represents the premature structures which by accretion of essential proteins mature into the stable heavy mitochondria. The fluffy fraction, however, shows behaviour intermediate between that of heavy and light mitochondrial fractions and appears to be a mixture of regenerating and degenerating mitochondria with microsomes.
